These fundamental principles and requirements of biomedical science are sometimes ignored. The capacity of animals to show standardized responses to experimental situations 'is in uenced by far more environmental conditions, and often to a far greater degree, than is appreciated by very many investigators' (Clough 1982) . In scienti c publications, 'the physical environment is often scantily described so that reproduction of experiments in this regard is hampered almost completely' (Claassen 1994) . The ' "Material and methods" section mostly reveals an obvious or almost total lack of information about the animals, contrary to that on the instruments and chemicals, which are almost always carefully described' (Öbrink & Rehbinder 1999) . Several surveys of scienti c articles have made it clear that many investigators do not realize the in uence of environmental variables on experimental results, or at least do not adequately describe the environmental history of the animals used for experimentation (Davis et al. 1973 , Lang & Vesell 1976 , Gamble 1979 , Clough 1982 . 'Having to repeat experiments simply because they were badly documented is annoying, time consuming and expensive. Far more important, it also means that animals must be killed unnecessarily, and this is completely unjusti ed for ethical reasons' (Working Committee for the Biological Characterization of Laboratory Animals/ GV-SOLAS 1985) . 'If a researcher, through carelessness or ignorance, should use more animals for a project than is necessary, it must be considered unethical' (Öbrink & Rehbinder 1999) .
The present article reviews the most common husbandry-related variables, discusses their impact on research data and elaborates brie y on re nement options that minimize, eliminate or avoid them. Extraneous variables have received little attention in the scienti c literature. Some variables, e.g. enforced restraint, have been studied comprehensively in some species while others, e.g. illumination, have been largely ignored. There is a bulk of literature on the impact of husbandry-related variables on research data in a few selected species, e.g. rats, mice and rhesus macaques, while other species, e.g. guineapigs, hamsters, dogs and cats seemingly have been overlooked. There is practically no information on the importance of extraneous variables on research data collected from cold-blooded animals and birds.
Understimulation
The living quarters of research animals are often intentionally not provisioned with basic, species-adequate stimuli so that the subjects can be 'standardized', i.e. free of differences that could in uence research data in different ways (Fig 1) .
Far from standardizing laboratory animals, unstimulating environments may induce behavioural pathologies that impact on research (Veira & Brent 2000) , increase stress sensitivity (Bachmann et al. 2003) and (Hockly et al. 2002) and correlate with impairments of brain function (Garner 2002) . The requirement for standardized conditions counteracts its purpose if it results in deviations in the research subjects' normal functioning.
The most serious condition of understimulation is social deprivation of gregarious animals. In mice, solitary con nement may increase the variance of sensitivity to drugs (Mackintosh 1962) alter immunological responses, brain neurochemistry, learning ability and pain thresholds (Valzelli 1973) , produce abnormal behaviours, changes in body weight and organ weights, alterations in blood cell counts, increased adrenal function (Baer 1971) , increased heart rate and a disruption of the normal circadian sleep pattern (Späni et al. 2003) . Individually-caged rats exhibit a greater incidence of stereotypical tail manipulation and pawing, a higher heart rate and blood pressure, higher levels of corticosterone and prolactin, higher variations in certain biochemical parameters and, nally, a lower survival rate than rats housed in groups (Baenninger 1967 , Shaw & Gallagher 1984 , Cambardella et al. 1994 , Hurst et al. 1997 , Pérez et al. 1997 , Sharp et al. 2002a ). When they are singly caged, guineapigs markedly lose weight and reduce their water intake (Fenske 1992) .
Rabbits are prone to develop serious abnormal activities when housed alone (Gunn & Morton 1995 , Krohn et al. 1999 . Trichophagy is one such behavioural disorder which often results in the formation of gastric trichobezoars (Wagner et al. 1974) , a clinical problem that may lead to an alarming high incidence of mortality associated with intestinal stasis (Jackson 1991) . This phenomenon has not been noted in sociallyhoused animals (Held et al. 2001) .
Single-housing is likely to be stressful to dogs and is associated with an increased incidence of bizarre movements and barking (Hetts et al. 1992 , Hubrecht et al. 1992 . Single-caged cats often express physiological signs of boredom, such as psychogenic alopecia and polyphagia, with resultant obesity (Buf ngton 1991, DeLuca & Kranda 1992).
Sheep are commonly kept alone for research purposes. They spend a large proportion of time engrossed in behavioural disorders such as pulling and chewing wool and biting/gnawing wood or metal. 'The nature and extent of the abnormal behaviour found may be indicative of a differing background physiological state' (Marsden & Wood-Gush 1986) which can make the extrapolation of experimental results rather problematic (Done-Currie et al. 1984) . Single-housed sheep show an increase in heart rate plus an increase in adrenal and thyroid activity even though casual observation may not reveal any outward signs of distress (Baldock & Sibly 1990 , Bowers et al. 1993 . In goats, plasma norephinephrine levels increase when they are kept without contact with other goats (Carbonaro et al. 1992) .
The deleterious effect of social deprivation is particularly pronounced in non-human primates. 'Knowing that most primates bene t from social interactions, it should be obvious that they can be harmed by a lack of social interaction' (National Research Council 1998) . 'The essence of the social primate is lost under the stresses of the non-social condition' (O'Neill 1987 ). Yet, 'single or individual caging systems are the basic or staple housing used for primates [who] have been singly caged for biomedical research use in signi cant numbers for about a hundred years. Almost all "hard" scienti c data . . . have been acquired from singly caged primates' (Rosenberg & Kesel 1994) . In rhesus macaques, the species most commonly found in laboratories, single caging can produce 'long-term features of immunosuppression . . . signi cant increases in plasma prolactin concentrations, indicative of stress-induced anxiety' and 'physiological evidence for the occurrence of depression' (Lilly et al. 1999) . A major problem among individually-caged primates is apathy and depression (Erwin et al. 1973) . Clinical records and immunological data indicate that single-caged primates are more susceptible to health problems than animals living in a compatible social setting (Shively et al. 1989 , Schapiro et al. 2000a ). Behavioural assessments of individually-caged rhesus macaques of a prestigious primate research center revealed that 'of the 362 animals surveyed, 321 (88.7%) exhibited at least one abnormal behaviour (mean: 2.3, range: 1-8)' (Lutz et al. 2003) . Single-caged individuals typically spend more than 20% of their time engrossed in abnormal behaviours (Bayne et al. 1991a , 1992 , Kessel & Brent 1998 , Bellanca et al. 1999 , Bourgeois & Brent 2003 . The most alarming abnormal behaviour is self-injurious biting. 'Monkeys with SIB (self-injurious behaviour) bite their own bodies frequently, occasionally in icting wounds' ) that are often life-threatening. In humans, selfmutilation is classi ed as a major psychotic disorder that not only occurs in mentally retarded individuals (Simeon et al. 1992) but also in socially isolated prisoners (Yaroshevsky 1975) . 'Research has shown that approximately 10% of captive, individually housed monkeys have had some veterinary record of self-injurious behaviour within their life-time' . In large colonies of single-caged rhesus macaques, the incidence of this behavioural pathology may be as high as 14% (Novak 2003) or even 39% (Alexander & Fontenot 2003) .
Alternatives to understimulation
Enrichment that prevents behavioural disorders 'may reduce variability between animals and produce animals that are better models of normal function' (Garner 2002) .
Inanimate and feeding enrichment do not prevent or stop behavioural disorders but they temporarily reduce the frequency of their occurrence during the time that the animal is actively engaged with such enrichments (chickens: Nørgaard-Nielsen 1991, Lindberg & Nicol 1994; gerbils: Wiedenmayer 1997; horses: Malpass & Weigler 1994 , Henderson & Waren 2001 , McAfee et al. 2002 , Mills & Davenport 2002 mice: Würbel et al. 1988; pigs: Van Putten 1980 , Arellano et al. 1992 , Moore et al. 1994 , Horrell & Ness 1995 , Petersen et al. 1995 , Spoolder et al. 1995 primates: Bennett & Spector 1989 , Meunier et al. 1989 , Bayne et al. 1991a , 1992 , Lam et al. 1991 , Watson 1992 , Brent & Long 1995 , Pyle et al. 1996 , Kessel & Brent 1998 rabbits: Lidfors 1997 , Potter & Borkowski 1998 , Berthelsen & Hansen 1999 , Moore & Beeston 1999 rats: Orok-Edem & Key 1994) . The distraction derived from the availability of species-appropriate stimuli is likely to ameliorate the overall stress attendant with boredom. Mice, for example, who are kept in enriched versus barren standard cages show a less variable, better regulated immune response (Kingston & Hoffman-Goetz 1996) . In some species, environmental enrichment can also have the effect of reducing the animals' fear and aggressive defense response to personnel (chickens: Brake 1987, Reed et al. 1993; hamsters: Arnold & Gillaspy 1994; mice: Engellenner et al. 1982 pigs: Grandin 1986 , Pearce et al. 1989 , Moore et al. 1994 rabbits: Hansen & Berthelsen 2000; rats: Deacon 2001 , Morrison 2001 , which presumably will buffer stress reactions to being captured for procedures.
Social enrichment also attenuates behavioural disorders (dogs: Hetts et al. 1992; pigs: Vieuille-Thomas et al. 1995; primates: Missakian 1972 , Goosen 1988 , Bayne et al. 1991b , Kessel & Brent 2001 , Bourgeois & Brent 2003 rabbits: Kalagassy et al. 1999 , Chu et al. 2004 . It prevents the development of stereotypies in rabbits (Poderscek et al. 1991 , Love 1994 ) and ameliorates (Weed et al. 2003) or eliminates the behavioural pathology of self-biting (Fritz 1989 , Line et al. 1990 , Reinhardt 1999 and probably also that of self-directed hair pulling in primates (Hartner et al. 2000) . Primates are 'socially complex creatures. When this aspect of their nature is accommodated in research settings, the bene t to science is a less stressed animal that provides meaningful scienti c data' (Novak & Bayne 1991) .
The provision of visual seclusion is an essential environmental enrichment option fostering the well-being and physiological equilibrium of con ned animals. Singlyhoused individuals may seek seclusion for undisturbed resting, while socially-housed animals may seek cover to buffer social tension and avoid aggressive con icts.
Access to a covered retreat area is particularly important during alarming situations, for example when fear-inducing personnel enter the room. Furnishing the tanks of bullfrogs with hollow structures for hiding signi cantly decreases the mortility rate (Hedge et al. 2002) . In groups of male mice, access to nesting material reduces aggressive interactions by offering subordinates cover and escape routes (Armstrong et al. 1998 , Van Loo et al. 2002 . Vertical partitions make mice less reactive when tested outside their cages (Chamove 1989) . Placement of vertical panels in the middle of the enclosure assures that chickens-and probably also other species-show less disturbance reactions and make use of the available oor space more evenly by no longer aggregating at the peripheral walls and shunning the otherwise unprotected central area (Newberry & Shackleton 1997 , Cornetto & Estevez 2001 , Cornetto et al. 2002 . Rats with access to a shelter are less timid and engage in stereotyped back ipping less often than those in barren cages (Townsend 1997 , Callard et al. 2000 . Hamsters often develop bizarre aggressive behaviour when housed individually in suspended wire cages. Providing a piece of polyvinyl chloride pipe as a place of seclusion can resolve this problem (McClure & Thomson 1992) . Aggression is reduced among rabbits when sections of their pen are screened, tubes are placed on the oor or shelves installed so that the animals can withdraw or escape from each other as needed (Howard et al. 1999 , Stauffacher 2000 . Visual barriers reduce aggression among pigs (Waran & Broom 1993) and among primates (Erwin 1977 , Maninger et al. 1998 , McCormack & Megna 2001 .
Restraint
Traditionally, laboratory animals are forcibly restrained during common drug administration and sample collection procedures (Wolfensohn & Lloyd 1994 , Fowler 1995 , Reinhardt et al. 1995 , Hrapkiewicz et al. 1998 ). Because restraint itself is a stressor that affects the physiologi-cal functioning of the subject, measurement error and variability are introduced into the data (Brockway et al. 1993) . 'Since the purpose of physiological recording should be to obtain a record that is an exact facsimile or analog of the events under investigation, stress induced by restraint and handling, even when these are of minor nature and performed by skilled staff, is one of the major problems encountered in biomedical investigations' (Schnell & Gerber 1997) . 'It is only common sense . . . that an animal will not respond normally if it is stressed' (Schwindaman 1991) . 'Stressed animals do not make good research subjects' (American Medical Association 1992).
Manual restraint is usually applied with rats and mice. The animals show typical stress reactions which may include an increase in adrenocortical activity (Tuli et al. 1995a) , an activation of adrenalmedullary discharge of ephinephrine and a sympathetic neuronal release of norepinephrine (Kvetnansky et al. 1978) , an increase in heart rate (Sharp et al. 2003) , a change in plasma prolactin level (Krulich et al. 1974 , Lenox et al. 1980 , Gala & Haisenleder 1986 , an increase in plasma glucose level (Besch & Chou 1971) , an increase in core temperature (Berkey et al. 1990) , and an in uence on metabolism and excretion of drugs (Kissinger et al. 2001) . In rats, subcutaneous injection involving rm but gentle manual restraint is accompanied by an increase in heart rate and body temperature which typically persists for more than one hour (Harkin et al. 2002) . Passively witnessing the restraint of another conspeci c can be enough to trigger stress reactions in nonrestrained animals (Fuchs et al. 1987 , Pitman et al. 1988 , Sharp et al. 2002b .
In sheep, restraint increases cortisol, lactate, and glutamic oxaloacetic transaminase (Apple et al. 1993) . In pigs, it raises cortisol levels, induces prostaglandinmediated hyperthermia and affects the acid-base balance (Van de Wal et al. 1986 , Parrott & Lloyd 1995 .
Non-human primates are not domesticated animals but humans are their natural predators. Compulsory restraint is, therefore, an especially distressing experience for them ( Fig 2) . Subjects are restrained either manually or mechanically during brief collection of samples or drug administration procedures; they are strapped into restraint chairs or onto restraint crosses during longterm procedures (Fowler 1995) . Restrained individuals usually struggle, exhibit selfdefensive aggression and often squeal. Physiological reactions to brief enforced restraint include an increased respiration rate (Berendt & Williams 1971), metabolic acidosis (Manning et al. 1969) , an increased heart rate (Osborne 1973 , Line et al. 1991 , Schnell & Wood 1993a , increased blood pressure (Golub & Anderson 1986 , Schnell & Wood 1993a , raised rectal temperature (Bush et al. 1977) , a rise in SGO-T (serum glutamic-oxalacetic transaminase) (Cope & Polis 1959) AST (aspartate aminotransferase) and ALT (alanine aminotransferase) (Landi et al. 1990 ), increased plasma cortisol concentrations (Elvidge et al. 1976 , Puri et al. 1981 , Fuller et al. 1984 , Suzuki et al. 2002 , 'alarm reaction' re ected in leukocytosis (Ives & Dack 1956 , Loomis et al. 1980 , Goosen et al. 1984 , increased plasma concentrations of adrenal androgens (Fuller et al. 1984) , elevation of plasma prolactin (Quadri et al. 1978 ) and glucagon levels (Myers et al. 1988) , impaired glucose clear-ance (Yasuda et al. 1988 ) and testosterone release (Puri et al. 1981 , Hayashi & Moberg 1987 , Torii et al. 1993 , 'baseline' variability in growth hormone levels (Mason et al. 1968) , and alterations of the electrocorticogram (Bouyer et al. 1978) . Even after repeated exposure to brief restraint, primates continue to show a pronounced heart rate response, indicating that they do not habituate to this common procedure (Line et al. 1991) .
The sedative ketamine is often injected on the assumption that it will reduce the overall stress that primates experience during the most common procedure, namely blood collection (Laudenslager & Worlein 2003) . Traditionally, however, the subject is forcibly restrained during the injection, a circumstance that automatically introduces restraint-stress as an extraneous variable even before the blood has been drawn (Aidara et al. 1981 , Crockett et al. 2000 , Bentson et al. 2003 . It is questionable that reliable control values of stress-sensitive blood parameters can be obtained under such conditions. The notion that 'simple procedures such as injections of relatively harmless substances and blood sampling . . . are expected to produce little or no discomfort' (Scientists Center for Animal Welfare 1987) is valid only under the condition that the subject is not forcibly restrained during these procedures.
Alternatives to restraint
Biotelemetry offers alternative means of obtaining certain physiological measurements from freely moving animals, without introducing stress artefacts resulting from restraint. This system consists of a radio transmitter placed in a jacket or implanted subcutaneously or intraperitoneally, depending on the species and size of the subject. It has been used successfully in mice, rats, gerbils, guineapigs, hamsters, rabbits, dogs, cats, primates, chickens, goats, sheep, amphibians, reptiles and shes to monitor activity, body temperature, heart rate, blood pressure, electrocardiogram and electroencephalogram (Malinow et al. 1974 , Laburn et al. 1992 , Kramer et al. 1993 , Schnell & Wood 1993b , Depasquale et al. 1994 , Christian & Bedford 1995 , Sato et al. 1995 , Truett & West 1995 , Colbourne et al. 1996 , Dejardins et al. 1996 , Savory & Kostal 1996 , Brown et al. 1997 , Heybring et al. 1997 , Seebacher & Alford 2002 , Bridger & Booth 2003 , Krohn et al. 2003 , Morton et al. 2003 , Van Ginneken et al. 2004 .
Positive reinforcement training is an alternative to enforced restraint during procedures that necessitate the direct handling of the subject. In rats and rabbits, the stress and risk associated with gastric intubation can be avoided by training the animals to accept and swallow test drugs (e.g. indomethacin, celecoxib, tosu oxacin) that are masked with chocolate or sucrose (Marr et al. 1993 , Huang-Brown & Guhad 2002 . Eight of 10 rabbits cooperated within 2 days. They 'would stand with their paws on the front of the cages, protrude their faces from between the bars, and appear to beg for the syringe containing the antibiotic' (Marr et al. 1993) . Results of this re nement technique demonstrate appropriate levels of drug absorption. Sheep can easily be trained to voluntarily enter a tilt table and accept brief immobilization for a grain reward (Grandin 1989). Primates readily learn to cooperate during injection (Spragg 1940 , Levison et al. 1964 , Priest 1991 , Nelms et al. 2001 , Bentson et al. 2003 , blood collection (Wall et al. 1985 , Hein et al. 1989 , Priest 1990 , Reinhardt 2003 , saliva collection (Bettinger et al. 1998 , Tiefenbacher et al. 2003 , urine collection (Kelly & Bramblett 1981 , Anzenberger & Gossweiler 1993 , Schnell & Gerber 1997 , Lambeth et al. 2000 , McKinley et al. 2003 ), vaginal swabbing (Bunyak et al. 1982 , oral drug administration (Turkkan et al. 1989 , Klaiber-Schuh & Welker 1997 , Schnell & Gerber 1997 , Crouthamel & Sackett 2004 and topical drug application (Reinhardt & Cowley 1990) . Trained subjects show no behavioural signs of fear or distress and the physiological stress response to the procedure is considerably reduced or eliminated altogether (Michael et al. 1974 , Elvidge et al. 1976 , Schnell & Gerber 1997 , Bentson et al. 2003 , Reinhardt 2003 . 'The least distressing method of handling is to train the animal to co-operate in routine procedures. Advantage should be taken of the animal's ability to learn' (Home Of ce 1989).
Multi-tier caging
Small and medium-size laboratory animals are traditionally kept in rows of cages that are stacked on top of each other to accommodate a maximum number of animals per room. This creates different living environments in the cages of different racks in terms of distance from the light source and distance from the oor of the room. A bright upper-row cage may provide a speciessuitable environment for a diurnal, arboreal animal such as a primate, but it would be unsuitable for a nocturnal, terrestrial animal such as a rodent. Yet, about 50% of caged primates are kept in the quasi-terrestrial, crepuscular environment of lower rows while many rodents live in the quasiarboreal, bright environment of upper-row cages.
It should be noted here that US Animal Welfare Regulations pertaining to dogs, cats, guineapigs, hamsters, rabbits and primates explicitly stipulate that 'lighting must [sic] be uniformly diffused throughout animal facilities' (United States Department of Agriculture 2002). This requirement is a safeguard for reliable scienti c methodology, as light in uences physiological systems, metabolism, general activity, behaviour and emotional state (Marshall 1940 , Ross et al. 1966 , Wurtman 1967 , Weihe et al. 1969 , Martinez 1972 , Hauntzinger & Piacsek 1973 , Vriend & Lauber 1973 , Weihe 1976 , Newton 1978 , Saltarelli & Coppola 1979 , Clough 1984 , Heger et al. 1986 , Martin 1991 . 'The illumination conditions existing around the animals in their cages need to be considered for each species and for a much wider range of functions than has previously been thought necessary' (Weihe 1976) . It is common sense that a difference in light quantity and light quality between locations on a cage rack might constitute an important extraneous variable that has to be taken into account if the validity of scienti c research methodology is to be warranted (Ott 1974 , Canadian Council on Animal Care 1993 .
With multi-tier caging, it is dif cult to provide uniform lighting for all animals since upper rows will always cast shade on cages in lower rows. The reduced light quantity that is received by animals in lower rows is also altered in its quality because most of the light is re ected from the walls of the room, thereby changing its spectral distribution in a manner dependent on the colours of the walls. It is probably not an overstatement that 'the intensity of light in animal cages is likely to be the most variable environmental factor in the average animal room' (Clough 1982) . In standard multi-tier rodent cages and in standard double-tier primate cages, variation in light intensities far exceed a two-fold difference between bottom and top row cages (Clough & Donnelly 1983 , Schapiro et al. 2000b . 'What we basically have done to date is to provide lighting suitable to our needs and assumed it was all right for the animal' (Bellhorn 1980) and for research. In primate facilities bottom-row cages are often so dark that it is dif cult to identify and check individual animals without the use of ashlights (Reasinger & Rogers 2001) . It is needless to say that this situation not only introduces an uncontrolled variable into the research data but also undermines good housekeeping (Fig 3) . Surprisingly, it is mentioned in primatological research articles only rarely (in 2% of 96 articles surveyed) whether the research subjects were housed at the same level or at different levels of the multi-tier cage rack (Reinhardt & Reinhardt 2000a) .
Multi-tier caging systems make it impossible to provide all animals in a room with the same feeling of security when personnel approach them. Personnel-including the investigator and technician-constitute a potential stressor, usually triggering pronounced physiological and often also behavioural disturbance in caged subjects (Tatoyan & Cherkovich 1972 , Malinow et al. 1974 , Döhler et al. 1977 , Manuck et al. 1983 , Hassler et al. 1989 Reinhardt
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Fig 3
The multi-tier cage arrangement makes it very dif cult to assure that all subjects are exposed to the same quantity and same quality of light. It also makes it impossible for all animals to be housed at the same level of the room 1989, Schnell & Wood 1993a , Bowers et al. 1998 , Boinski et al. 1999 , Kramer et al. 2001 , Crockett & Gough 2002 , presumably due to aversive conditioning (Robbins et al. 1986 ). Empirical evidence indicates that the fear response to personnel differs in animals kept in upper rows versus those kept in lower rows. In chickens, fear reactions are moderate when they are kept in bottom-row cages but intense when they are kept in upper-row cages (Sefton 1976 , Hemsworth et al. 1993 . 'Under natural conditions, many primates spend much of their lives above ground and escape upward to avoid terrestrial threats. Therefore, these animals might perceive the presence of humans above them as particularly threatening' (National Research Council 1998) . A monkey who is kept in a bottom-row cage is practically cornered when being approached by a person, while a monkey in an upperrow cage can retreat to a quasi-safe place above the person. The different emotional reactions of upper-row versus lower-row caged animals may impact differently on the subjects' physiological responsiveness during a subsequent experiment.
Alternatives to multi-tier caging
Rotating cages through different positions on a rack (Ross & Everitt 1988 , Canadian Council on Animal Care 1993 , National Research Council 1996 rotates the methodological problems arising from the multi-tier caging but it does not solve them. Cagespeci c light sources could avoid differences in illumination. Presently, there is no alternative, other than single-tier caging, that can provide an equivalent housing environment both in terms of distance from the light source and distance from the oor for all animals in a room.
Other extraneous variables
Removal from the familiar home environment is a stress that laboratory animals are exposed to on a regular basis. They are caught and transferred to treatment, test or experimental areas for procedures that last a few minutes, e.g. for blood collection, or several hours or days, e.g. for testing on a restraint board/cross or in a restraint chair. In either situation the stress resulting from enforced restraint is augmented by the stress resulting from the transfer to an unfamiliar, usually fear-inducing test environment. For example, in rats and mice, even the moving of animals to a nearby room in the same building increases corticosteroid levels for several hours (Ursin & Murison 1986 , Tuli et al. 1995b . 'Wherever possible, every effort should be made to design in ways that bring the treatment to the animal, instead of the reverse. Removal for any purpose exposes the animal to overly novel, frequently noxious, and always stressful, stimuli' (Lindburg & Coe 1995) . Novelty of the environment activates the pituitary-adrenal axis in rodents and non-human primates (Friedman & Ader 1967 , Brown & Martin 1974 , P ster & King 1976 , Line et al. 1987 , Cabib et al. 1990 . 'Removing an animal from its home cage prior to monitoring anything biological will probably affect the event being monitored' (Mitchell & Gomber 1976) . In macaques, the magnitude of the cortisol response is signi cant when blood collection occurs in the hallways but not when it occurs in the homecage (Herndon et al. 1984 . Subjects show signi cantly higher cortisol and catecholamine levels when they are chairrestrained in an unfamiliar versus a familiar environment (Mason 1972 , Mason et al. 1973 . Investigators often fail to note in scienti c articles if their research subjects were removed or if they were allowed to stay in the familiar home environment during handling procedures (Reinhardt & Reinhardt 2000b ). To ignore this variable while assuming that 'basal' or 'normal' values of stress-sensitive parameters were present would contravene basic scienti c rules. Experiments and tests are often a source of stress or distress for the subject, not only because many procedures imply enforced restraint, discomfort and pain but also because they usually entail isolation from conspeci cs. There is ample evidence indicating that the presence of one or several companions has a protective effect under stress, reducing both the magnitude and frequency of reactions to aversive circumstances (Bovard 1959 , Epley 1974 . When mice are exposed to a stressful situation, adrenocortical reactivity is consistently higher in single-than in group-housed individuals (Goldsmith et al. 1978) . The presence of a conspeci c mitigates fear responses in rats (Davitz & Mason 1955 , Latané & Glass 1968 , Latané 1969 , Taylor 1981 , Heath 1999 . Procedure-induced arousal behaviours are less frequent and of shorter duration in rats housed in a social group than in those kept alone (Sharp et al. 2002a (Sharp et al. , 2003 . In sheep and goats, the adjustment to the stress associated with experimental conditions is best buffered by a familiar conspeci c (Pearson & Mellor 1976) . The presence of a companion reduces signs of behavioural disturbance and the magnitude of cortisol increase during a fearprovoking situation in primates (Coe et al. 1982 , Gonzalez et al. 1982 . Individuals recover from the stress of being transferred to a novel environment signi cantly faster when a companion is present than when they are alone (Gust et al. 1994) . Being tethered during an experiment is an extremely disturbing situation , Adams et al. 1988 , Crockett et al. 1993 ). The cardiovascular stress response is signicantly lower when subjects are allowed to keep visual, tactile and auditory contact with other animals than when they are kept alone (Coelho et al. 1991) . 'Social stimuli may function as a source of security and a means of mitigating emotional distress' (Mason 1960) .
Attending care personnel often listen to music or radio talk as a way of environmental enrichment while they do their routine work in the animal rooms. The type of music (e.g. classical versus rock) and the type of radio talk (e.g. advertisement versus reports) listened to will differ from person to person, and there will be some caregivers who do their work without listening to music or radio talk. The effect of music or radio talk versus the effect of silence on physiological parameters of laboratory animals is unknown. In primates, certain types of music, e.g. 'oldies', can have a calming effect, as re ected in a lowering of the heart rate and increased resting (Brent & Weaver 1996 , Howell et al. 2003 while other types of music, e.g. high-beat, can make the animals more restless (Harvey et al. 2000) . Music probably has a calming effect also in laboratory dogs, as 'new age' music can decrease the amount and intensity of their barking (Kilcullen-Steiner & Mitchell 2001) . Radio music/talk makes laying hens more productive (Jones & Rayner 1999 ), suggesting that music affects the endocrine system of these animals. The question remains open whether background music per se or its mitigation of extraneous noise exert a positive effect on laboratory animals.
The investigator, technician, veterinarian and caregiver are usually intrinsic stressors for research animals due to negative conditioning. The time that passes between a person's entry into an animal room and the completion of the subsequent sample collection procedure predetermines the subject's level of anxiety prior to the actual collection of the sample. This disturbance time is in uenced by the person's skills and the subject's degree of resistance and, therefore, typically varies from case to case. If several animals in a room are processed sequentially, the duration of the disturbance time is also dependent on the time a subject has to wait-perhaps with apprehension-until it is his/her turn to be sampled (the so-called 'queue effect', Fox 1986). It has been noticed in primates that the disturbance time can have a signi cant effect on serum cortisol and thyroxine concentrations and on blood cell counts, depending on its duration (Capitanio et al. 1996 , Flow & Jaques 1997 . The disturbance time for venepuncture, for example, can vary from one to 20 min, yet this information is hardly ever mentioned in the Methods section of research articles (Reinhardt & Reinhardt 2000b) .
Specimens are often collected in the animals' room. This implies that subjects who are still waiting for their turn witness the alarming situation of another animal being caught, carried away and restrained by a human, and at the same time are exposed to distress signals (olfactory or auditory) emitted by the animal who is being treated. This circumstance is likely to have an additional in uence on the stress level of 'onlooking' and not yet treated animals in the room (Mackay-Sim & Laing 1980 , Iimori et al. 1982 , Beynen 1992 , Sharp et al. 2002b . In rats, cortisol levels of nonhandled animals increase when they witness stress reactions of conspeci cs during restraint (Fuchs et al. 1987 , Pitman et al. 1988 ).
Discussion and conclusions
It is a prerequisite of reliable research methodology to take possible extraneous variables into account and investigate prior to the experiment if one or several of them have the potential of confounding the effects induced by the experimental manipulation. 'Good husbandry minimizes variations that can modify an animal's response to experimentation' (National Research Council 1985) . Eliminating or avoiding variables that can interfere with the research subject's response to a test situation is a safeguard that the variance of the collected data will be minimal. This, in turn, will enable the investigator to assess his/her ndings statistically with a minimum number of research subjects. It would be unethical to use more animals in order to increase statistical power and achieve signi cance of research ndings, rather than make an effort to assess husbandry-related variables and eliminate or avoid them if they alter the research subjects' response to a given experiment or test. At a very minimum, all potentially signi cant husbandry-related variables should be adequately described in any scienti c publication so that other investigators can repeat the experiment/test or carry out comparative studies (Morton 1992 , Smith et al. 1997 .
The variables summarized in this report are not the only ones that have the potential of increasing variance and reducing the reliability of research data, but they are the most obvious ones that are commonly overlooked in research protocols.
The constraints in cage con nement make it almost impossible to offer laboratory animals a species-adequate living environment. How should an animal move around in a small, barren cage other than by pacing back and forth, running in circles or somersaulting in a monotonous stereotyped manner? It is the man-created housing environment that is 'abnormal', not the animal's behavioural response to it. Speciesappropriate environmental enrichment attenuates some of the distress resulting from chronic understimulation by counteracting frustration, apathy and restlessness and reducing the urge to engage in stereotypic activity patterns. 'Well-implemented enrichment may [therefore] reduce variability rather than increase it ' (Morris et al. 2002) in some cases. The effect of enrichment on data variability may ultimately depend on the particular enrichment and its appropriate or inappropriate implementation and on the parameter being measured (Eskola et al. 1999 , Mering et al. 2001 , Augustsson et al. 2003 , Nevalainen et al. 2003a ,b, Tsai et al. 2003 .
Keeping social research animals without direct contact with other conspeci cs introduces perhaps the most signi cant variable resulting from understimulation. During experiments and tests, a singly-caged, yet gregarious, animal cannot show the responses that are typical of his/her own kind. The data are skewed by the fact that the subject has been stripped of his/her basic characteristic, namely sociality. 'The assumption that certain regulatory authorities 'prefer' single-housing should [therefore] be challenged. . . . Group [social] housing should become the norm whenever animals are compatible, and anything less should be justi ed on the basis of sound science' (Dean 1999) rather than tradition. Solitary con nement 'is usually not justied and the consequences on experimental results are seldom evaluated' (Claassen 1994) .
Possibly data-in uencing 'physiological, biochemical and hormonal changes occur in any restraint animal. . . . Restraint procedures should [therefore] only be invoked after all other less stressful procedures have been rejected as alternatives' (Canadian Council on Animal Care 1993). Alternative 'procedures that reduce reliance on forced restraint . . . are less stressful for animals and staff, safer for both, and generally more ef cient' (National Research Council 1998) . Biotelemetry and positive reinforcement training are practical re nements that can substitute many of the traditional restraint practices. A more consistent application of these techniques would improve the quality of research, reduce the number of animals needed to achieve statistical signi cance of the ndings, plus it would avoid a lot of unnecessary animal distress.
The different lighting conditions and the different positions of living quarters of subjects caged at different levels of the room are in uential variables inherent in the multi-tier caging system. To date, there is no satisfactory alternative other than the single-tier cage arrangement. Such an arrangement reduces the number of animals that can be housed in one room but it is a fundamental condition for producing good science, namely the avoidance of variables that can confound research data.
Animals kept in laboratories are often removed from their familiar home environment and subjected to distressing procedures without the support of conspeci cs. Both circumstances are important variables that should be avoided. There is often no reason for not taking a sample or administering a test drug or a sedative in the subject's familiar cage. There is often also no reason for not allowing the subject to maintain visual and auditory contact with compatible conspeci cs. If these variables cannot be avoided, they should be acknowledged in the report so that the research ndings can be appropriately interpreted. Unless it has been proven that music and radio talk do not in uence the response of subjects to a particular research protocol it is a scienti c demand to keep these potentially signi cant variables reasonably constant for all subjects or avoid them altogether.
It is dif cult, albeit not impossible, to control the variable disturbance time, but it would be essential to at least mention it for each subject of a test/experiment to explain possible incongruities between values reported by different research institutions.
Principal investigators often seem to be unaware of the fact that the approval of a research protocol by the animal care committee is no guarantee that husbandryrelated variables will be controlled or eliminated by the facility's animal care programme. There are 'investigators who rarely set foot in their institution's animal colony' (Herzog 2002) . 'Scientists may never see their experimental animals' (Arluke 1988) and, therefore, are probably not aware of the numerous husbandryrelated variables that may affect the outcome of the experiments they are conducting with these animals. 'Most investigators think only brie y about the care and handling of their animals and clearly have not made it an important consideration in their work' (Traystman 1987) . A scientist who shows little or no interest in the care and handling of his research subjects cannot expect animal care personnel to do their best to avoid circumstances and situations that could introduce stress or distress as uncontrolled variables into the research data they collect for him. Positive relationships between facility personnel and animals in their charge are key requisites of sound research methodology (Wol e 1996) . They 'may result in an overall reduction in stress for the animals and may serve to buffer the potential stress of certain experimental situations' (Bayne 2002) and give the animals 'a sense of security in the presence of humans who, in other circumstances, may subject them to uncomfortable, perhaps even painful procedures' (Boers et al. 2002) . It is the scienti c responsibility of the principal investigator to ensure that such relationships are in place to safeguard the well-being of his animals upon which the scienti c quality of his research rests.
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